ABSTRACT Techniques for wireless energy harvesting (WEH) are being emerged as a fascinating set of solutions to extend the lifetime of energy-constrained wireless networks. They are commonly regarded as a key functional technique for almost perpetual communications. With the WEH technology, wireless devices are able to harvest energy from, e.g., different light sources or RF signals broadcast by ambient/dedicated wireless transmitters to support their operation and communications capabilities. The WEH technology will have increasingly wider range of use in upcoming applications for, e.g., wireless sensor networks, machine-to-machine (M2M) communications, and the Internet of Things (IoT). In this paper, the usability and fundamental limits of solar cell or photovoltaic harvesting-based M2M communication systems are studied and presented. The derived theoretical bounds are in essence based on the Shannon capacity theorem, combined with selected propagation loss models, assumed additional link nonidealities, as well as the given energy harvesting and storage capabilities. Fundamental performance limits and available capacity of the communicating link are derived and analyzed, together with extensive numerical results evaluated in different practical scenarios, including realistic implementation losses and the state-of-the-art printed supercapacitor performances. In particular, low-power sensor-type communication applications using passive wake-up radio (WuR)-assisted operation are addressed in this paper. The results show the benefits of using passive WuR, especially when the number of nodes is small. Moreover, the presented analysis principles and results establish clear feasibility regions and performance bounds for WEH-based low rate M2M communications in the future IoT networks.
I. INTRODUCTION
Technological advances have made it possible to implement low-cost wireless sensor network (WSN)-based automation, monitoring and control systems [1] . Wireless sensor networks can be used for various applications including, e.g., home automation, health monitoring, factory automation, process control, real-time monitoring of machinery, monitoring environment, and real-time inventory management. In these systems, sensor nodes monitor and gather the parameters critical to automation processes and transmit the data to host, i.e., a user, a control center or an operator. Since sensor nodes are commonly battery-powered devices, their operational lifetimes are limited. Energy harvesting techniques have thus a good potential to solve this constraint with well designed operational scheduling to use the energy efficiently. It has been recently predicted, e.g. in [2] , that by 2021, there will be tens of billions connected devices which should all operate and integrate smoothly with the Internet, while providing a vast spectrum of services in, e.g., healthcare, smart homes, industry automation, and environmental monitoring. This trend, commonly referred to as the Internet-of-Things (IoT) or Internet-of-Everything (IoE), imposes enormous challenges and requirements on the radio connectivity, in the form of Machine-to-Machine (M2M) communications, from coverage, energy-efficiency and scalability points of view [3] . Another closely related field is low-energy sensor networks and energy-harvesting, where the sensor and communication nodes are autonomously extracting or harvesting energy from their surroundings [4] , [5] . Wireless systems have been evolving towards offering the users connectivity at increasingly higher data rates. While this trend is expected to continue in the fifth generation future wireless systems, there are strong indications [6] - [8] that also low bitrate but high reliability energy-autonomous communication systems will be needed in some demanding applications with low power consumption. These are especially needed for Machine Type Communications (MTC) and/or IoT environment where, for example, critical industrial processes or large moving machines are controlled remotely.
The technological challenges that are under intensive research, include low power consumption of the devices [9] , and the methods for obtaining or harvesting energy efficiently from different sources, as well as storing the harvested energy [10] - [14] for later use. In addition to the basic silicon/CMOS based circuits, also alternative organic/inorganic or printed electronics based solutions are raising interest [15] , [16] . These potentially low cost and low carbon footprint solutions may be mechanically flexible and some have high thermal stability [17] , which extend their usability in various applications. In essence, with organic electronics there is another area of sustainability that is also critical. It has to do with gathering and using ambient energy or harvesting microish energy that allows the systems to be unplugged from the power grid entirely. In bigger picture, the results of such work will allow the ubiquitous electronics of the future to be manufactured and used in a sustainable way by enabling energy autonomy without the use of toxic materials and by enabling less resource-intensive ways to manufacture electronics.
In the following, we study and review the limitations and possibilities of communications with existing technology restrictions. Furthermore, the feasibility and fundamental limits of energy harvesting based machine communication systems are studied and presented. In the study, we adopt fundamental Shannon capacity laws combined with appropriate propagation loss models and assumed levels of nonidealities related to the radio link implementation. Using these, we extract fundamental performance bounds and feasibility limits for low-rate low-energy M2M communications. The study also incorporates energy harvesting issues together with the energy storage model in the form of a supercapacitor [18] and selected harvesting methods. We also derive expressions for the available communication distance depending on the energy harvested and storage capabilities, combined with the targeted instantaneous communication rate. The assumed probability to transmit or receive at a given time window, will also be included in the derivation. In addition, we use also passive wake-up radio concept to enhance the energy efficiency. In the numerical evaluations, we specifically focus on the licence-exempt ISM bands at 433 MHz and 900 MHz (sub-1GHz), while the analysis methodology and derived expressions are valid at all other frequencies as well. The provided analysis methodology and obtained results establish clear feasibility regions and performance bounds for energy harvesting based low-rate M2M communications using non-CMOS harvesting technologies.
The remainder of this paper is structured as follows. First, in Section II, the fundamental channel capacity aspects are shortly addressed and reviewed [19] . This will form the solid basis for the further evaluations given in the paper. Then, in Section III, the energy harvesting and storage issues are reviewed and the models developed further, together with the capacitor charging issues with harvested photovoltaic power and with operational time of transceiver applying probabilities to transmit and receive. In addition, here also wake-up radio issues are addressed. In Section IV, the considered path loss models are first reviewed, followed by an extensive set of numerical results assuming state-of-the-art organic or printed energy harvesting and storage techniques. Finally, the key findings and conclusions are drawn in Section V.
II. FUNDAMENTAL LIMITS ON CAPACITY AND RELIABILITY
The theoretical maximum information transfer rate of any noisy channel is given by the Shannon capacity law [20] . As is very well known, in an additive white Gaussian noise (AWGN) channel, this Shannon limit for communication, R, can be expressed in bits/s as
where B denotes the bandwidth, S refers to the received useful signal power while the noise power is denoted by N . At operational frequencies that are higher than 300 MHz, the noise is due to thermal noise [21] . In this case, the power of the noise is given by N = kTBF, where k, T , B, and F are the Boltzmann coefficient (1.3807 × 10 −23 J/K), temperature in Kelvins, bandwidth in Hz, and noise figure (NF) in numeric form (F = 10 NF/10 , where NF is in decibels), respectively. Next, to express the achievable capacity as a function of the transmit power, S TX , the path loss or attenuation of the propagation channel needs to be taken into account. Thus, the received useful power S can be expressed as S = S TX /λ, where λ refers to the path loss in numeric form, i.e., λ = 10 L dB (d)/10 where L dB (d) refers to the pathloss in decibels at distance d. Thus, we obtain
where the implementation loss factor µ ≥ 1 is related to, e.g., error correcting code strength and imperfections of receiver synchronization and/or channel equalization [22] .
As an example, µ = 1.02 (0.1 dB loss) if the coding system is tightly designed [23] , while µ = 4 (6 dB loss) if more relaxed operation is allowed. In general, when the geographical area over which the communication may take place increases, the path loss λ increases with respect to distance, d, and hence C is decreased for given transmit power. Finally, the needed transmit power for given capacity requirement, C, can be expressed as
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which will be used in the performance evaluation later, when also other aspects are addressed more thoroughly in this paper, in Section IV.
III. ENERGY HARVESTING, STORAGE, AND POWER CONSUMPTION ASPECTS
Having the ability to harvest ambient energy in wireless devices and sensors is a very tempting goal, as compared to classical battery-only based operation [4] , [5] . In general, energy can be harvested from various sources and mechanisms related to, e.g., light, movement and radio waves [1] , [13] [12] . In addition, energy can also be harvested from various deliberately built man-made sources via wireless energy transfer. The small amounts of energy collected by the energy harvester are continuously stored in a specific device, such as a rechargeable battery [13] or a supercapacitor [15] . After a given time, this storage device is then able to supply large enough power level required to operate a wireless transceiver. The scenario is shown in Figure 1 , where ambient light is providing energy to be scavenged by solar cell located at WSN node. The energy is then used for communication to, e.g., Host node. Furthermore, it is possible to reduce the needed energy of the WSN node by introducing wake-up receiver concept [24] - [26] to the system. In such a case, the WSN node may sleep until wake-up signal is transmitted by wake-up transmitter located, e.g., at the Host node. After waking up, the WSN starts to operate normally. This concept allows to reduce the consumed total energy of WSN node remarkably and especially in low bitrate and low duty cycle scenarios, the potential benefits may be considerable.
In the following, solar cell harvesting capabilities are presented along with excess energy storing possibilities using printed supercapacitor as an example.
A. ENERGY HARVESTING BY SOLAR CELL
The amount of harvested energy depends on light illuminance and solar cell efficiency. Some typical industrial indoor lighting levels are collected to Table 1 . When conventional luminaires are used in lighting, the photometric maintained illuminance, E m , in lux (lx) can be expressed as light power intensity [27] , or irradiance, ρ l in W/m 2 as
Thus, e.g., 100 lx corresponds to 1 W/m 2 irradiance level and for the example lighting levels shown in Table 1 (200 lx. . . 750 lx), the irradiance levels may be found to be 2 W/m 2 . . . 7.5 W/m 2 or 200 µW/cm 2 . . . 750 µW/cm 2 . When the solar cell efficiency is η c , the corresponding available power intensity may be found from
By supposing that the solar cell efficiency is within the range of 3% . . . 10% (η c = 0.03 . . . 0.10), the obtainable power intensities are 6 µW/cm 2 . . . 75 µW/cm 2 (−22 dBm/cm 2 . . . −11 dBm/cm 2 ). The given solar cell efficiency values of 3% and 10% correspond roughly to lower and upper limit performances that are currently obtainable using organic solar cell technologies [29] . Moreover, at the moment the largest solar cell efficiency of 46.0%, is obtained by using relatively complex semiconductor multijunction cell technology. Finally, the harvested total power, P h , using solar cell with surface area, A, may be expressed as
which can be used for transceiver operation and partly for maintaining its energy storage, when needed.
B. ENERGY STORAGE
In the following, we consider supercapacitor as energy storage unit due to its good cycle life compared to secondary batteries and high energy density compared to traditional capacitors. Assuming that the total power consumed for communication purposes is denoted by P tot , it might be so that, P h < P tot . That is, more power will be consumed than stored. On the other hand, if P h > P tot , there will be power left over for recharging the supercapacitor.
Otherwise the supercapacitor will not be recharged and the system will not be able to run perpetually. However when the charging conditions prevail, the excess power P e = P h − P tot is directed to supercapacitor with capacitance C s , and voltage level, U . The corresponding energy storing capacity is E c = 1 2 C s U 2 and hence the storage supercapacitor becomes fully charged in
seconds. Ideally, this energy can then be used totally for communication purposes. However, the constant current discharging (or charging) of a supercapacitor gives a linear decrease (or increase) in the capacitor potential with time [30] . In general, the usable energy is determined by the voltage level which decreases as the energy of a supercapacitor is used and hence the described full energy will not be available.
In practice, 50. . . 80 percent of the total supercapacitor energy can be used due to this. Thus, we denote the useful energy by E u = ηE c , where η refers to the fraction of useful energy relative to the maximum theoretical energy (e.g., 0.50. . . 0.80). Furthermore, by introducing power ratio
where P TX and P RX denote the total power consumption of the transmitter and receiver, respectively, we can later evaluate the system performance more realistically. The overhead power consumption for the peripheral circuitry of the transmitter,P TX , is independent of the transmitter power and diminishes the actual transmit power P TX . Thus, the effective transmit power can be related to the power consumed by the transmitter as
where α ≤ 1 is the transmitter power efficiency. For example, α is close to 0.1 in ZigBee transceivers [31] .
C. POWER CONSUMPTION AND WAKE-UP RADIO ASPECTS
Next we address the achievable operational or communication time using the available harvested energy. Besides using the energy for transmitting and receiving, part of the stored energy is lost due to the self-discharge of the supercapacitor. This can and should be taken into account when calculating the operational time by incorporating supercapacitor leakage current into the analysis. Now if the transmitter is actively transmitting 100β TX percent of operational time, receiver is actively receiving 100β RX percent of operational time, and the leakage current is I l , then the total power consumption is given by By setting for example, β RX = 1−β TX , i.e., the transmitter is on when receiver is off and vice versa, allows for more simple transceiver implementation. Moreover, it can be noticed that the operational time of the transceiver with fully recharged capacitor, denoted here by t op , can be expressed by
However, this is an exceptional case as normally the reloading is supposed to be taking place continuously during the operation of the transceiver. The constant transceiver operation (10), either transmit or receive consumes power, but the total power consumption may be lowered and hence operational time increased, by applying wake-up radio (WuR) concept. There the whole transceiver is set to sleep mode and only awakened by the Host node when needed. In the node, special WuR circuit controls the wake-up process. There are plenty of WuR systems proposed, e.g., in [25] , [26] , and [32] - [36] . Most of these apply relatively complex approaches, i.e., use combination of several frequencies to select particular node with WuR for wake-up, or low power listening mode for WuR to activate waking up process properly, e.g., at several stages. However, all these approaches are, in some degree, active methods as they consume extra power, and hence are out of our interest. It is evident that only the fully passive wake-up process would yield to ultimately low power consumption.
The general concept is shown in Figure 2 , where the WuR is controlling the transceiver on/off state by the Microcontroller Unit, MCU. When the wake-up state is received, the WuR triggers transceiver on, otherwise it is in off state hence consuming no power and allowing potentially considerable power savings. The system described in the figure uses the same antenna and frequency bands for the wake-up and transceiver operations. However, in some cases it might be more beneficial to use improved system shown in Figure 3 , where two different frequencies are used for wake-up signal and actual operation of the node. In consequence if the frequencies are on different bands, two different antennas are used as depicted in the figure. The wake-up signal is to be received by antenna at frequency f 2 and antenna operating on frequency f 1 is used for actual data transmission and reception by the transceiver. As the success of the wake-up operation is critical, f 2 might be selected so that the channel conditions are favourable, e.g., so that f 2 < f 1 and hence the propagation loss is smaller for wake-up signal, allowing more power to be collected for the waking-up process.
The actual passive WuR circuitry is shown in Figure 4 , where as can be seen, no internal power supply is needed. The received signal is directed through transformer and resistor, R w , to Schottky diode, D, which in turn delivers the voltage to charge the capacitor, C w . As the capacitor voltage, V out , reaches the required level, V w , triggering takes place and MCU is activated. Consequently, transceiver is turned on and actual communication may start. As a result of relatively simple non-selective passive wake-up circuitry, false wakeups may take place. This is more probable to occur when the number of nodes in the system is large and hence the expected wake-up activity increases. Furthermore, even by external RF interference may cause false wake-ups in the system. Taking these aspects into account and by supposing that the MCU consumes negligible power, the total power consumption for the passive WuR assisted communication, P wtot , may be written as P wtot = (β wTX P TX + β wRX P RX )(β w + β f ) + UI l , (12) where β wTX , β wRX , β w , and β f are the transmit operation probability, receive operation probability, wake-up operation probability, and false wake-up detection probability due to external interference etc., correspondingly. The host node is supposed to operate with one sensor at the time. When the host duty cycle per node is β w and N no is the number of nodes, i.e. sensors in the system, the wake-up operation probability can be expressed as
As the total number of nodes increases, the number of wakeups increases and hence the total power consumption of the node is also increased. However, with relatively small β w and therefore small β w , the increased power consumption is not critical. This will be illustrated more in detail in Section IV, where evaluations of the presented concept will be given.
To improve the passive wake-up radio operation, antennas with relatively high gains might be used. To keep the performance sufficient, physical sizes feasible [37] and the directivity more controllable, antenna gains that are less than 15 dBi might be preferable. The high gain antenna may be located at the wake-up transmitter to allow simpler node implementation with smaller gain node antenna. By defining S wTX to be the transmitted wake-up signal power, the received wake-up signal power is given by
where G a is the combined transmit-receive antenna gain. The path loss between wake-up transmitter and wake-up receiver is λ w within wake-up distance, d w . Moreover the voltage, V out , shown in Figure 4 , may be expressed by
where γ s is Schottky diode sensitivity in terms of power to voltage conversion, and η w the WuR efficiency factor (≤ 1) modeling, e.g., the resistive losses of the transformer in Figure 4 . When V out = V w , the triggering for the wakeup radio occurs. The Schottky diode voltage sensitivity, γ s , defines the input power to voltage ratio and is, e.g., 5000 and 8000 for zero-bias Schottky diodes MSS20,054-C15 and MSS20,055-C15, respectively. As the diode defines the sensitivity of the wake-up process, it is critical component in the whole wake-up process. It turns out that with passive wake-up circuitry the operational range is quite limited, as the wake-up operation needs to collect the required energy from the wake-up signal transmitted by the host. In addition latency will be appearing, but in practise it will be in the order of tens of milliseconds and is most often tolerable considering the normal use cases, especially in low bitrate use cases. The required energy to be collected is given by E w and will be discussed more in the following. For the passive wake-up receiver, critical parameters are: wake-up capacitor capacitance and the needed triggering voltage level for the wake-up operation, as these determine the latency of the wake-up system. In general terms, the lower the threshold voltage is, the shorter is the latency. This applies also for the capacitance value of the system. However, triggering energy level,
w , is needed in order to launch the wake-up operation, i.e., to be detected by the MCU. This level is technology dependent and is as such a design parameter, as well as is the capacitance value which typically is in the order of hundreds of nF's. These will in part define the latency as
and is normally some tens or hundreds of milliseconds [25] . The latencies of this order are allowed and suitable for low bitrate and low duty cycle systems considered in this study. The issues addressed here, will be studied through numerical examples next in Section IV.
IV. OBTAINED RESULTS AND ANALYSIS
In this section, the considered channel models are briefly introduced. Then, selected numerical evaluations of the achievable capacity and power consumption will be provided, in specified example cases, stemming from the fundamental models of the previous sections. It should be noticed, that it is possible to find vast amount of interesting results using analytic calculations only, e.g., in terms of different channel conditions. By including traffic patterns of the node with transmit operation probability, receive operation probability, wake-up operation probability, and false wake-up detection probability due to external interference, the possibilities are almost limitless. However in the evaluations given here, we have selected one possible scenario focusing into low energy, low bitrate, robust, self-sufficient system, using energy harvesting.
A. CONSIDERED PATHLOSS MODELS AND USE CASES
Here, IEEE 802.11ah channel models [38] are used to model a multitude of M2M communication scenarios, incorporating outdoor with macro, outdoor pico/hotzone deployments, indoor, and outdoor Device to Device (D2D) use cases. The path losses of these uses cases at distance d in meters are given by (20) where the break-point distances d BP = {5, 5, 5, 10, 20, 30} are for the so-called A. . . F models [38] , correspondingly and
where the attenuation is in decibels, the RF carrier frequency, f c , is assumed to be 900 MHz, and c is the speed of light. For other center frequencies, f , a correction factor of 21 log 10 (f /900MHz) should be added. Notice that even though the 802.11ah system itself is assumed to be deployed only at the 900 MHz (sub-1GHz) band, the above path loss models are indeed valid at other frequencies as well, as long as the proper correction factor stated above is applied.
Here in the numerical evaluations, we specifically focus on the licence-exempt ISM bands at 433 MHz and 900 MHz (sub-1GHz), due to their good suitability for low-power communications and being free from spectrum licensing related constraints. The principal path loss behaviors in the considered use cases versus the communication distance, d, are illustrated in Figure 5 . Moreover, the capacity (2) can be evaluated for the considered channels. As can be seen in Figure 6 , e.g., in Indoor A channel when S TX = −25 dBm and the capacity requirement is 2 bits/s/Hz, the maximum communication distance is 70 m at 900 MHz. For 433 MHz the distance will be increased by roughly 20 m, in this case. Similarly for 1 bit/s/Hz capacity, the distances will be 90 m and 110 m, correspondingly. For all the channel scenarios, the operational distances can be found in Table 2 .
B. CAPACITY AND PERFORMANCE EVALUATIONS
In this section, a set of numerical evaluation results related to previously addressed topics will be presented. The application of interest here uses low bandwidth and low bitrate data to exchange telecontrol and telemetry status information, monitoring, e.g., the condition of machinery, temperature, VOLUME 5, 2017 humidity and similar. The considered system assumes relatively low level lighting conditions of 200 lx and organic solar cell efficiency for recharging the supercapacitor. Thus, it will be interesting to see the capabilities of the relatively modest system with −25 dBm transmission power. The measured supercapacitor performances with respect to time are shown in Figure 7 . As can be seen, all the leakage currents are roughly below 0.1 µA for still usable voltage levels of 0.75 V. In Figure 8 , leakage current of supercapacitor with respect to voltage level is shown. It can be seen, that increasing the recharging time decreases the leak current considerably. For the evaluations, we will use the supercapacitor of the smallest capacitance (0.3 F), in order to find the operational capability limit within the set of capacitors. The leak current will be varied following the range of measured values, i.e., I l = 0.01 µA, 0.1 µA, and 2 µA. The other main parameters used in the calculations and evaluation are collected into Table 3 .
At first, the power consumption of conventional, i.e., nonWuR assisted and passive WuR assisted sensor node transceivers are evaluated for comparison purposes. Here the systems are studied with relation to number of nodes and the host duty cycle per node, β w . The results are collected into Figure 9 . It is possible to observe that the power consumption of non-WuR node is about 25 µW, whereas for passive WuR assisted case the node consumption starts at roughly 1 µW when the duty cycle, β w , is 10 −4 . As can be seen, enlarging the duty cycle increases the power consumption of the node due to false wake-ups and with β w = 10 −2 and 50 nodes, the power consumption is even larger than without using WuR due to excessive wake-ups.
The amount of collected power, while operating the node with respect to host activity, are shown in Figure 10 . For non wake-up assisted case, the power is about 0.12 µW at maximum and when I l = 2 µA, no power may be collected at all. For passive WuR, the available power is roughly 20 µW. This can be seen by the overlapping curves, with ≤10 host nodes, hence remarkably contributing to the recharging of supercapacitor. As can be seen, with 50 nodes the power difference decreases rapidly as the duty cycle is increased, especially when the host duty cycle is closing to 10 −2 . The related recharging time can be seen in Figure 11 , where full recharging can be achieved in 2 hours with WuR system and ≤10 host nodes (overlapping curves). Non-WuR system would require considerably more time, i.e., ≥ 200 hours for all the leakage currents.
In Figure 12 , the operational time with fully recharged supercapacitor is shown. Here, it is supposed that no recharging takes place and the effective part of the energy in the supercapacitor will be available as discussed in Section III. The relatively high power consumption of non-WuR based system can be also seen here, as the operational time will be only about 1.2 hours. However, in WuR assisted cases VOLUME 5, 2017 the operational times are more than 10 hours for the least demanding, i.e., low duty cycle cases with the highest leakage current. Again case with 50 nodes seems to be already performing unsatisfactorily, when the node duty cycle is large, i.e., ≥ 10 −3 .
Finally, to demonstrate the applicability of the system, the latency of the passive WuR based scheme is evaluated in the considered channel cases when C w = 0.22 µF, η w = 0.75, V w = 0.6 V, and γ s = 8000. The results are collected into Figure 13 . With the assumed parameters of our considered case, in Indoor A channel, latency of 100 milliseconds can be obtained when d w is 7 m or 9 m for the 900 MHz or 433 MHz bands, respectively. In general, it should be noted that the realistic latency values deviate from FSL results somewhat, but are still feasible in all the cases. In addition, e.g., in Outdoor macro channel the distance is almost doubled for the same latency as compared to the Outdoor A channel.
V. CONCLUSION
In this paper, the limits on wireless energy-harvesting and related communications were studied and evaluated. The analysis is effectively based on Shannon theorem along with elementary path loss models and different implementation losses. Moreover, wireless photovoltaic energy harvesting and passive wake-up radio concept with realistic design parameters were included in the study. Furthermore, as a practical example a printed supercapacitor was adopted to store the energy scavenged. Large set of numerical results were reported, specifically at the licence-exempt ISM bands at 433 MHz and 900 MHz (sub-1GHz), while the presented methodology and given results will be usable also at other frequencies as well. The results show the advantage of using passive WuR, when the number of nodes is relatively small, but still practical. In addition, the provided analysis principles and results establish clear feasibility regions and performance bounds for wireless energy harvesting based low bitrate M2M communications in the future IoT networks. In the future, the plan is to carry out more comparative and verificative experiments with measurements using more full system in selected scenarios. Additionally, also new circuit elements will be added. His general research interests include communications signal processing, estimation and detection techniques, signal processing algorithms for flexible radios, cognitive radio, full-duplex radio, radio localization, 5G mobile cellular radio, digital transmission techniques, such as different variants of multicarrier modulation methods and OFDM, and radio resource management for ad hoc and mobile networks. 
